Spatial and nonspatial auditory processing is hypothesized to occur in parallel dorsal and ventral pathways, respectively. In this study, we tested the spatial and nonspatial sensitivity of auditory neurons in the ventrolateral prefrontal cortex (vPFC), a cortical area in the hypothetical nonspatial pathway. We found that vPFC neurons were modulated significantly by both the spatial and nonspatial attributes of an auditory stimulus. When comparing these responses with those in anterolateral belt region of the auditory cortex, which is hypothesized to be specialized for processing the nonspatial attributes of auditory stimuli, we found that the nonspatial sensitivity of vPFC neurons was poorer, whereas the spatial selectivity was better than anterolateral neurons. Also, the spatial and nonspatial sensitivity of vPFC neurons was comparable with that seen in the lateral intraparietal area, a cortical area that is a part of the dorsal pathway. These data suggest that substantial spatial and nonspatial processing occurs in both the dorsal and ventral pathways.
Introduction
In nonhuman primates, the spatial and nonspatial attributes of visual and auditory stimuli are hypothesized to be processed in parallel processing streams (Ungerleider and Mishkin, 1982; Rauschecker, 1998) . More specifically, this hypothesis proposes that a "dorsal" pathway processes the spatial attributes of a stimulus, whereas a "ventral" pathway processes the nonspatial attributes.
In early sensory areas of these pathways, neurons respond to both the spatial and nonspatial attributes but may be more selective for one of these two attributes. This is seen, for instance, when comparing the tuning properties of neurons in the caudomedial belt of the auditory cortex (a cortical area in the dorsal pathway) with those in the anterolateral belt (a cortical area in the ventral pathway) (Tian et al., 2001) . Anterolateral neurons respond more selectively to different exemplars of monkey vocalizations than caudomedial neurons. In contrast, caudomedial neurons respond more selectively to the location of an auditory stimulus than anterolateral neurons.
In more central cortical areas, it is hypothesized that this functional specialization becomes more refined such that neurons in the dorsal pathway are relatively insensitive to the nonspatial features of a stimulus, whereas neurons in the ventral pathway are relatively insensitive to the spatial features of a stimulus (Ungerleider and Mishkin, 1982) . However, recent data provide evidence contrary to this hypothesis (Ferrera et al., 1992 (Ferrera et al., , 1994 Sereno and Maunsell, 1998; Toth and Assad, 2002) . For instance, neurons in the lateral intraparietal (LIP) area, a cortical area in the dorsal (spatial) pathway, are sensitive to the shape of a visual stimulus (which is regarded as a nonspatial attribute); this sensitivity is comparable with that seen in the ventral pathway (Sereno and Maunsell, 1998) . Other experiments indicate that parietal neurons are modulated by the color of a visual stimulus when it is relevant for the successful completion of a behavioral task (Toth and Assad, 2002) . Similarly, we have recently shown that auditory neurons in the lateral intraparietal area are modulated by the nonspatial properties (e.g., spectrotemporal structure) of an auditory stimulus (Gifford and Cohen, 2004b) .
To further examine the nature of parallel spatial and nonspatial auditory processing, we tested the spatial and nonspatial response properties of neurons in a cortical area of the ventral pathway, the ventrolateral prefrontal cortex (vPFC) (Romanski et al., 1999; Rauschecker and Tian, 2000) . First, we tested their response properties using experimental procedures that mirror those used to test the spatial and nonspatial properties of neurons in the auditory cortex (Tian et al., 2001) . We found that vPFC neurons were sensitive to both the nonspatial and spatial attributes of an auditory stimulus. When comparing these responses with those in anterolateral belt region of the auditory cortex, we found that the nonspatial sensitivity of vPFC neurons was poorer, whereas the spatial selectivity was better, than anterolateral neurons. Second, we tested the response properties of vPFC neurons using experimental procedures that mirror those used to test the spatial and nonspatial properties of auditory activity in the lateral intraparietal area (Gifford and Cohen, 2004b) . We found that, on average, the selectivity of vPFC neurons for the spatial and nonspatial attributes of an auditory stimulus was comparable with that seen in the lateral intraparietal area. To-gether, these data suggest that substantial spatial and nonspatial processing occurs in both the dorsal and ventral pathways.
Materials and Methods
This study was designed to test the spatial and nonspatial response properties of vPFC neurons so that we could compare our data with analogous studies of neural responsivity in the auditory cortex (Tian et al., 2001) and the lateral intraparietal area (Gifford and Cohen, 2004b) . To facilitate these comparisons, the experimental procedures (i.e., stimulus arrays, stimulus sets, behavioral tasks, recording procedures, and data analysis) were tailored to mirror the procedures used in these previous studies. When the experimental procedures differ, we demarcate those procedures designed to mirror those used in the auditory-cortex study as the auditory-cortex configuration and those designed to mirror those used in the parietal study as the parietal configuration.
Subjects
Two female rhesus monkeys (Macaca mulatta) were used in these experiments. Both monkeys (weighing between 8.0 and 9.0 kg) were trained on both of the tasks described in this study. All surgical, recording, and training sessions were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Dartmouth Institutional Animal Care and Use Committee.
Surgical procedures
Surgical procedures were conducted under aseptic, sterile conditions using general anesthesia (isoflurane). These procedures were performed in a dedicated surgical suite operated by the Animal Resource Center at Dartmouth College.
In the first procedure, titanium bone screws were implanted in the skull, and a methyl methacrylate implant was constructed. A Tefloninsulated, 50 gauge, stainless-steel wire coil was also implanted between the conjunctiva and the sclera; the wire coil allowed us to monitor the monkey's eye position (Judge et al., 1980) . Finally, a head-positioning cylinder (FHC-S2; Crist Instruments, Hagerstown, MD) was embedded in the implant. This cylinder connected to a primate chair and stabilized the monkey's head during behavioral training and recording sessions.
After the monkeys learned the behavioral tasks (see below), a craniotomy was performed, and a recording cylinder (ICO-J20; Crist Instruments) was implanted. This surgical procedure provided chronic access to the vPFC for neurophysiological recordings.
Experimental setup
Behavioral training and recording sessions were conducted in a darkened room with sound-attenuating walls. The walls and floor of the room were covered with anechoic foam insulation (Sonomatt; Auralex, Indianapolis, IN). When inside the room, the monkeys were seated in the primate chair and placed in front of a stimulus array; because the room was darkened, the speakers producing the auditory stimuli were not visible to the monkeys. The primate chair was placed in the center of a 1.2 m diameter, two-dimensional, magnetic coil (CNC Engineering, Seattle, WA) that was part of the eye position-monitoring system (Judge et al., 1980) . Eye position was sampled with an analog-to-digital converter (PXI-6052E; National Instruments, Austin, TX) at a rate of 1.0 kHz. The monkeys were monitored during all sessions with an infrared camera.
Stimulus arrays
Auditory-cortex configuration. The stimulus array (Fig. 1 A) consisted of seven speakers (PLX32; Pyle, Brooklyn, NY) that formed an arc centered on the monkey; the speakers were 1.2 m above the floor, which was the approximate eye level of the monkeys. Relative to the monkey's position in the room, the seven speakers were arranged such that each speaker was separated by 20°in azimuth; the speaker at 0°was centered in front of the monkey. As a result, the stimulus array spanned the range between 60°l eft and 60°right of the monkey. A light-emitting diode (LED) (model 276-307; Radio Shack, Fort Worth, TX) was also mounted on the face of the speaker at 0°. This "central" LED served as a fixation point for the monkeys during the visual fixation task (see below).
Parietal configuration. The stimulus array (Fig. 1 B) consisted of eight speakers (PLX32; Pyle). The speakers were arranged in a circle centered Figure 1 . Configuration of stimulus arrays and behavioral tasks. A, Schematic of the auditory-cortex configuration of the stimulus array. Seven speakers formed an arc centered on the monkey's position in the room. The speaker-to-speaker separation was 20°. B, Schematic of the parietal configuration of the stimulus array. Eight speakers formed a circle centered on the central LED (black square). Relative to the monkey, the radius of the circle was 12°. C, Visualfixation task. The monkeys first fixated a central LED. After a random delay (as indicated by the broken line), an auditory stimulus was presented. During auditory-stimulus presentation and after auditory-stimulus offset, the monkeys maintained their gaze at the central light to receive a reward. D, Overlap-saccade task. The monkeys first fixated a central LED. After a random delay (as indicated by the broken line), a peripheral LED was illuminated. After another delay, the central LED was extinguished, and the monkeys saccaded to the location of the peripheral LED.
on a central LED (model 276 -307; Radio Shack). The central LED was 1.2 m above the floor, which was the approximate eye level of the monkeys. Relative to the monkey's position in the room and the central LED, the speakers formed a circle with a radius of 12°. An LED was also mounted and centered on each speaker's face. The central LED served as a fixation point during the visual fixation and overlap-saccade tasks (see below). The "peripheral" LEDs that were mounted on the speakers produced the visual stimuli used during the overlap-saccade task.
Behavioral tasks
When the stimulus array was in the auditory-cortex configuration, the monkeys only participated in the visual fixation task. When the stimulus array was in the parietal configuration, the monkeys participated in both the visual fixation task and the overlap-saccade task. The overlap-saccade task was designed to test the visual and saccade-related properties of neurons in the lateral intraparietal area. During the visual fixation task (Fig. 1C) , 1000 -1500 msec after fixating the central LED, an auditory stimulus was presented from one of the speakers. The monkeys maintained their gaze at the central LED during auditory-stimulus presentation and for an additional 1000 -1500 msec after auditory-stimulus offset to receive a juice reward.
During the overlap-saccade task (Fig. 1 D) , 500 -1000 msec after fixating the central LED, a peripheral LED was illuminated. After an additional 500 -1000 msec, the central LED was extinguished, and the monkeys shifted their gaze to the peripheral LED. They maintained their gaze at this location for an additional 500 -1000 msec to receive a juice reward. During both tasks, the monkeys maintained their gaze within 2°of the central or peripheral LEDs.
Auditory stimuli
Auditory-cortex configuration. Seven different types of auditory stimuli were presented. Each stimulus type was an exemplar from a different class of species-specific vocalizations; an exemplar's membership in a particular class depends on its spectrotemporal structure (Hauser, 1998) . The seven exemplars were "copulation scream," "aggressive," "harmonic arch," "girney," "warble," "grunt," and "coo." The spectrograms of the seven vocalization exemplars used in this study are shown in Figure  2 A-G. These vocalizations were recorded and digitized as part of a previous set of studies (Hauser, 1998) .
Parietal configuration. Two different types of auditory stimuli were presented. The first type was species-specific vocalizations. The spectrograms of the seven vocalization exemplars are shown in Figure 2 A-G; unlike the auditorycortex configuration, the seven vocalization exemplars in the parietal configuration were treated as a single type. The second type was bandpass noise. "Fresh" exemplars of bandpass noise were generated on each trial in a digital signal-processing environment that is based on the AP2 DSP card (Tucker Davis Technologies, Alachua, FL). Broadband Gaussian noise was filtered to achieve the correct pass-band. The bandpass noise had a pass-band of either 0.55-2.8 kHz ("low-pass") or 9.75-15.25 kHz ("high-pass"). The onset and offset of each noise burst was modulated by a 10 msec linear ramp. The durations of the noise stimuli were matched to the distribution of the durations of the vocalizations used in this study. A spectrogram of a low-pass noise exemplar and a spectrogram of a high-pass noise exemplar are shown in Figure 2 , H and I. Like the vocalizations, the bandpass noise bursts were treated as a single type, regardless of differences in the pass-bands of individual exemplars.
The auditory stimuli were presented through a digital-to-analog converter (DA1; Tucker Davis Technologies) and an amplifier (SA1, Tucker Davis Technologies; MPA-250, Radio Shack) and transduced by a speaker. Each exemplar was presented at a sound level of 60 dB sound pressure level (relative to 20 Pa).
Visual stimuli
Visual stimuli were produced by illuminating an LED. Each LED subtended Ͻ0.2°of visual angle. The luminance of each LED was 12.6 cd/m 2 .
Recording procedures
Single-neuron extracellular recordings were obtained with varnishcoated tungsten microelectrodes (ϳ2 M⍀ impedance at 1 kHz; Frederick Haer Company, Bowdoinham, ME) that were seated inside a stainlesssteel guide tube. The electrode and guide tube were advanced into the brain with a hydraulic microdrive (MO-95; Narishige, East Meadow, NY). The electrode signal was amplified by a factor of 10 4 (MDA-4I; Bak Electronics, Mount Airy, MD) and bandpass filtered (model 3700; Krohn-Hite, Avon, MA) between 0.6 and 6.0 kHz. Single-neuron activity was isolated using a variable-delay, two-window, time-voltage, window discriminator (model DDIS-1; Bak Electronics). Neural events that passed through both time-voltage windows were classified as originating from a single neuron. When a neural event passed through both windows, the discriminator produced a TTL pulse. This pulse was relayed to a counting circuit on a data-acquisition board (PXI-6052E; National Instruments) that recorded the time, with an accuracy of 0.01 msec, of the pulse occurrence. The time of occurrence of each action potential was stored for on-line and off-line analyses.
Recording strategy
Auditory-cortex configuration. An electrode was lowered into the vPFC. To avoid sampling bias, any neuron that was isolated was tested. Once a neuron was isolated, the monkeys participated in trials of the visual fixation task. The seven auditory-stimulus types and the seven auditorystimulus locations were varied randomly on a trial-by-trial basis. The monkey participated in the visual fixation task until at least five successful trials were completed for each combination of auditory-stimulus type and location. The intertrial interval was 1-2 sec.
Parietal configuration. An electrode was lowered into the vPFC. To avoid sampling bias, any neuron that was isolated was tested. The mon- keys first participated in a block of trials of the overlap-saccade task. vPFC activity during this task was correlated with the location of the peripheral LED to construct a spatial response field. The visual stimulus location that elicited the highest mean firing rate during the period in which the peripheral LED was illuminated was designated as the "IN" location. The location that was diametrically opposite to the IN location was the "OUT" location. If a vPFC neuron was not modulated during the visual saccade task, we operationally defined the IN and OUT locations as the speaker locations 12°to the right and 12°to the left of the monkey, respectively. Next, the monkeys participated in a block of trials of the visual fixation task. The two auditory-stimulus types (species-specific vocalizations or bandpass noise) and the two locations of the auditory stimuli (IN or OUT) were varied randomly on a trial-by-trial basis. The monkey participated in the visual fixation task until at least five successful trials were completed for each combination of auditory-stimulus type and location. The intertrial interval was 1-2 sec.
Data analysis
All data analysis was based on data collected during the visual fixation task. Neural activity evoked during the visual fixation task was tested during the "baseline" and "stimulus" periods. The baseline period began 50 msec after the monkey fixated the central LED and ended 50 msec before auditory-stimulus onset; neural activity was aligned relative to the onset of the central LED. The stimulus period began at auditory-stimulus onset and ended at its offset; neural activity was aligned relative to the onset of the auditory stimulus. Data were analyzed in terms of the firing rate of a vPFC neuron (i.e., the number of action potentials divided by task-period duration).
Data were quantified with a two-factor ANOVA, information (I) theory, or response indices. For data collected in the auditory-cortex configuration, all three analyses were conducted. For data collected in the parietal configurations, only the ANOVA and information analyses were conducted.
On a neuron-by-neuron basis, a two-factor ANOVA tested whether the mean stimulus-period firing rate of a vPFC neuron was modulated by auditory-stimulus type, auditory-stimulus location, or the interaction of these two main effects. The null hypotheses were rejected at a level of p Ͻ 0.05 in favor of the alternative hypotheses. In the auditory-cortex configuration, each of the seven vocalization exemplars was a separate level of the auditory stimulus-type factor, and each of the seven stimulus locations was a separate level of the auditory stimulus-location factor. In the parietal configuration, vocalizations were one level of the auditory stimulus-type factor, and the bandpass noise was the second level. The IN and OUT locations were two different levels of the auditory stimulus-location factor.
We quantified the amount of information (Shannon, 1948a,b; Cover and Thomas, 1991) carried in the firing rate of vPFC neurons during the stimulus period using a formulization analogous to one that we described previously (Cohen et al., 2002; Gifford and Cohen, 2004a) . In this analysis, we quantified the amount of auditory-type information and auditory-location information. Auditory-type information was the amount of information carried in the firing rates of vPFC neurons regarding differences in the auditory-stimulus type, independent of their location. Auditory-location information was the amount of information carried in the firing rates of vPFC neurons regarding auditory-stimulus location, independent of their type.
Information was defined as follows:
where s is the index of each auditory-stimulus type or location, r is the index of the stimulus-period firing rate, P(s,r) is the joint probability, and P(s) and P(r) are the marginal probabilities. Similar to the ANOVA analysis, in the auditory-cortex configuration, there were seven auditory-stimulus types and seven auditory-stimulus locations. In the parietal configuration, there were two auditorystimulus types and two auditory-stimulus locations.
To facilitate comparisons across monkeys and brain areas and to eliminate biases in the amount of information resulting from small sample sizes, bit rates are reported in terms of bias-corrected information (Panzeri and Treves, 1996; Grunewald et al., 1999; Cohen et al., 2002; Gifford and Cohen, 2004a) . On a neuron-by-neuron basis, we first calculated the amount of information from the original data and from bootstrapped trials. In bootstrapped trials, the relationship between the firing rate, auditory-stimulus type, and auditory-stimulus location of a neuron was randomized and then the amount of information was calculated. This process was repeated 500 times, and the median value from this distribution of values was determined. The amount of bias-corrected information was calculated by subtracting the median amount of information obtained from bootstrapped trials from the amount obtained from the original data.
Finally, for data collected in the auditory-cortex configuration, we calculated two response indices analogous to those used by Tian et al. (2001) . These two indices, "vocalization-preference index" and "spatial half-width," are metrics of the nonspatial and spatial selectivity a neuron, respectively.
The two indices were calculated using the following procedure. The vocalization exemplar that elicited the highest mean stimulus-period firing rate (the "preferred firing rate") was the "preferred vocalization." The azimuthal location that elicited this firing rate was the "preferred azimuth." The vocalization-preference index of a neuron was the number of vocalization exemplars at the preferred azimuth that elicited a mean stimulus-period firing rate Ͼ50% of the preferred firing rate. The spatial half-width of a neuron was the spatial separation of the speakers that elicited a mean stimulus-period firing rate Ͼ50% of the preferred firing rate. The spatial half-width was characterized only with the preferred vocalization.
Verification of recording locations
Recording locations were confirmed by visualizing a recording microelectrode in the vPFC of each monkey through magnetic resonance images. These images were obtained at the Dartmouth Brain Imaging Center using a GE (Fairfield, CT) 1.5T scanner (three-dimensional T1-weighted gradient echo pulse sequence with a 5 inch receive-only surface coil) (Groh et al., 2001; Cohen et al., 2004) .
Results
The vPFC was identified by its anatomical location and its neurophysiological properties. Anatomically, the vPFC is located anterior to the arcuate sulcus and area 8a and lies below the principal sulcus (Romanski and Goldman-Rakic, 2002) , as shown in Figure 3 . Physiologically, vPFC neurons were characterized by their strong responses to species-specific vocalizations and noise bursts (Newman and Lindsley, 1976; Romanski and GoldmanRakic, 2002) .
We recorded from the left vPFC of two rhesus monkeys. Neural data were pooled for presentation, because the results were similar for both monkeys. When data were collected in the auditory-cortex configuration, we recorded from 143 vPFC neurons. Of these neurons, 63 were auditory; a neuron was auditory if a t test determined that its mean baseline-and stimulus-period firing rates, independent of auditory-stimulus type and location, were different at p Ͻ 0.05. We report data from the 52 auditory neurons in which we were able to record at least five successful trials of each combination of auditory-stimulus type and location; neural isolation was lost before we collected enough data from the remaining 11 neurons. When data were collected in the parietal configuration, we recorded from 71 vPFC neurons. Similar to the methods used in our parietal study (Gifford and Cohen, 2004b) , we report data from the entire population, independent of whether the neurons were auditory.
Qualitative observations of data collected in the auditory-cortex configuration
Overall, we found that vPFC neurons were modulated by both the nonspatial and spatial attributes of an auditory stimulus. A population-tuning curve is shown in Figure 4 . As can be seen, the mean response of a vPFC neuron was dependent on both auditory-stimulus type and location. Neurons were typically modulated more during presentation of the coo or copulationscream exemplars than the other vocalizations. vPFC neurons also had generally higher firing rates when vocalizations were presented at more eccentric locations.
A tuning curve from an individual vPFC neuron is shown in Figure 5 . This neuron was modulated primarily by auditorystimulus location but also somewhat by auditory-stimulus type. For all seven vocalization exemplars, the firing rate of the neuron increased as the exemplars were presented at more contralateral locations. The sensitivity to auditory-stimulus type can be seen when comparing the stimulus-period firing rates elicited by the copulation scream (Fig. 5, black data points) , the girney (cyan data points), and the grunt (red data points); the stimulus-period firing rate of the neuron was highest when the copulation scream was presented and lowest when the girney or grunt was presented.
A vPFC neuron with a different response pattern is shown in Figure 6 . This neuron was more selective for auditory-stimulus type than the neuron shown in Figure 5 ; the stimulus-period firing rate of this neuron was primarily modulated by the coo exemplar (blue data point). However, the firing rate of this neuron was also modulated by the location of the coo exemplar. Its firing rate was highest when the coo was presented at the more eccentric contralateral or ipsilateral locations.
Quantitative analyses of data collected in the auditory-cortex configuration
A two-factor (auditory-stimulus type ϫ auditory-stimulus location) ANOVA tested, on a neuron-by-neuron basis, the stimulusperiod firing rates of the 52 auditory vPFC neurons. We found that 67% (n ϭ 35 of 52) of vPFC neurons were modulated significantly ( p Ͻ 0.05) by auditory-stimulus type and that 63% (n ϭ 33 of 52) of vPFC neurons were modulated by the auditorystimulus location. Twenty-nine percent (n ϭ 15 of 52) of vPFC neurons were modulated significantly ( p Ͻ 0.05) by the interaction of auditory-stimulus type and location. All three of these proportions were greater than that expected by chance (binomial probability, p Ͻ 0.05). We cannot infer from these ANOVA analyses the relative degree to which auditory-stimulus type or location modulated vPFC activity. To address this issue, we used response indices and information theory to quantify the spatial and nonspatial sensitivity of our population of auditory vPFC neurons.
The distributions of the vocalization-preference index and spatial half-width are shown in Figure 7 . Consistent with the population-tuning curve (Fig. 4) , these two distributions indicate that, on average, vPFC neurons were modulated by several vocalization types over a range of spatial locations. The mean vocalization-preference index (Fig. 7A ) was 3.3 (SD ϭ 2.0) with a median value of 3. The mean spatial half-width (Fig. 7B ) was 32.6°(SD ϭ 18.1) with a median value of 31.0°. A Spearman-rank correlation analysis indicated that there was a significant positive relationship between vocalization-preference index and spatial half-width (r ϭ 0.41; p Ͻ 0.05). . The black ellipse on this schematic encompasses the region where we recorded auditory neurons from two rhesus monkeys, and the enclosed gray area outlines the approximate location of area 8a, a cortical area involved in auditory spatial processing (Russo and Bruce, 1994) . AS, Arcuate sulcus; LS, lateral sulcus; PS, principal sulcus. . Population tuning curve of vPFC activity generated from data collected in the auditory-cortex configuration. On a neuron-by-neuron basis, the mean stimulus-period firing rate of the response of a neuron to each combination of auditory-stimulus type and location was normalized relative to the highest stimulus-period firing rate. These normalized firing rates were then averaged together as a function of auditory-stimulus type and auditory-stimulus location to form the population tuning curve. Error bars represent SEM. Negative azimuthal locations are ipsilateral to the recording site, and positive values are contralateral.
Using the nomenclature of Tian et al. (2001) , we classified the spatial responses of vPFC neurons into four categories. Forty-five of the 52 auditory vPFC neurons (87%) were tuned (i.e., the mean stimulus-period firing rate of the neuron was Ͻ50% of the preferred firing rate at one location). Of these 45 neurons, 24% (n ϭ 11) of the neurons were peaked (i.e., the mean stimulusperiod firing rate of the neuron was Ͻ50% of the preferred firing rate at a location both contralateral and ipsilateral to the preferred azimuth). Forty-two percent (n ϭ 19) of the neurons were contralateral tuned (i.e., the mean stimulus-period firing rate of the neuron was Ͻ50% of the preferred firing rate only at location contralateral to the preferred azimuth). Finally, 33% (n ϭ 15) of the vPFC neurons were ipsilateral tuned (i.e., the mean stimulusperiod firing rate of the neuron was Ͻ50% of the preferred firing rate only at location ipsilateral to the preferred azimuth). The pooling of these contralateral-and ipsilateral-tuned neurons may have contributed to the double-peaked nature of the spatial profile of the population-tuning curve (Fig. 4) .
The distributions of auditory-type and auditory-location information for the population of auditory vPFC neurons are shown in Figure 8 . The median amount of auditory-type information (Fig. 8 A) was 0.08 bits, a value that was reliably different (Mann-Whitney; p Ͻ 0.05) from zero bits. The median amount of auditory-location information (Fig. 8 B) was 0.02 bits, a value that was reliably different (Mann-Whitney; p Ͻ 0.05) from zero bits. Because both distributions were on average greater than zero, it suggests that the firing rates of vPFC neurons carry information about differences between auditory-stimulus types and auditory-stimulus locations. We could not identify ( p Ͼ 0.05) a relationship between the amount of auditory-type and auditorylocation information.
Quantitative observations of data collected in the parietal configuration How do the spatial and nonspatial response properties of vPFC neurons compare with those in cortical areas of the dorsal (spatial processing) pathway? To address this question, we recorded from another population of vPFC neurons using methodologies analogous to those used in our study of the spatial and nonspatial response properties of neurons in the lateral intraparietal area (Gifford and Cohen, 2004b) .
A two-factor (auditory-stimulus type ϫ auditory-stimulus location) ANOVA tested, on a neuron-by-neuron basis, the stimulus-period firing rates of 71 vPFC neurons. Of these 71 neurons, we found that 35% (n ϭ 25 of 71) of vPFC neurons were modulated significantly ( p Ͻ 0.05) by auditory-stimulus type, and 18% (n ϭ 13 of 71) were modulated significantly ( p Ͻ 0.05) by auditory-stimulus location. Thirteen percent (n ϭ 9 of 71) of this population was modulated significantly ( p Ͻ 0.05) by the interaction of auditory-stimulus type and location. All three of these proportions were greater than that expected by chance (binomial probability; p Ͻ 0.05).
The distributions of auditory-type and auditory-location information for these 71 vPFC auditory neurons are shown in Figure 9 . The median amount of auditory-type information (Fig.   9A ) was 0.02 bits, and the median amount of auditory-location information (Fig. 9B ) was 0.02 bits. Both of these distributions were reliably different (Mann-Whitney; p Ͻ 0.05) from zero bits, suggesting that the firing rates of vPFC neurons carry information about differences between auditory-stimulus types and auditory-stimulus locations. We could not identify ( p Ͼ 0.05) a relationship between the amount of auditory-type and auditorylocation information. It is important to note that because the spatial array in the parietal configuration did not cover a large range of spatial locations, we may be underestimating the spatial selectivity of neurons in the lateral intraparietal area.
When the response properties of vPFC neurons and neurons in the lateral intraparietal area are compared (Table 1) using the same methodologies and analyses techniques, we found that the spatial and nonspatial attributes of auditory stimuli modulate neural activity in these two areas in a comparable manner. A 2 analysis indicates that the frequency of neurons that were sensitive (by the two-factor ANOVA analysis) to auditory-stimulus type, auditory-stimulus location, and the interaction of auditorystimulus type and location was independent of brain region ( 2 ϭ 3.2; p Ͼ 0.05). A Kruskal-Wallis analysis indicated that the differences in the amount of auditory-type information and auditory-location information between the vPFC and the lateral intraparietal area were not different from that expected by chance ( p Ͼ 0.05).
Discussion
vPFC neurons were modulated by the spatial and nonspatial attributes of an auditory stimulus, regardless of the experimental procedures. When we used a methodology comparable with one used in a parietal study (Gifford and Cohen, 2004b) , we found that vPFC sensitivity to spatial and nonspatial attributes was comparable with that seen in the lateral intraparietal area. These data suggest that substantial spatial and nonspatial processing occurs in both the dorsal and ventral pathways. Below, we compare these results with those in the rhesus auditory cortex, compare our data with human studies, and conclude with a discussion of functional streams of auditory processing.
Comparison with auditory cortex
A compelling study by Tian et al. (2001) indicated that functional specialization for spatial and nonspatial processing begins in the belt region of the rhesus auditory cortex. This study demonstrated that neurons in the anterolateral belt region were significantly more selective for different types of vocalizations than those in the caudolateral belt region. The mean vocalizationpreference index [or "monkey call index" as termed by Tian et al. (2001) ] for anterolateral neurons was approximately two calls, whereas for caudomedial neurons, it was approximately two to three calls. In contrast, neurons in the caudolateral belt region were significantly more selective for the location of a vocalization than those in the anterolateral belt region. The mean spatial halfwidth for caudomedial neurons was ϳ40°, whereas it was ϳ80°f or anterolateral neurons. These neurophysiological data supported anatomical studies (Romanski et al., 1999; Rauschecker and Tian, 2000) , suggesting that the caudomedial belt region was part of a spatial dorsal-processing pathway and the anterolateral belt region was part of a nonspatial ventral-processing pathway.
How do our data compare with those reported by Tian et al. (2001) (Fig. 7) ? The mean vocalization-preference index (3.3) of vPFC neurons was bigger (i.e., less selective) than that reported in the anterolateral belt. The mean spatial half-width (32.6°) of vPFC neurons was smaller than that reported in the anterolateral belt. In other words, the nonspatial sensitivity of vPFC neurons was poorer, whereas the spatial selectivity was better than anterolateral neurons; although, the spatial selectivity of vPFC neurons was comparable with that seen in caudomedial neurons.
Before any interpretation of the relationship between our data and those of Tian et al. (2001) , it is important to note an important methodological difference. In our study, our monkeys were awake and behaving (i.e., fixating a central LED to get a reward). However, in the study by Tian et al. (2001) , the monkeys were anesthetized (isoflurane). This difference in the behavioralcognitive state (Miller et al., 1972; Pfingst et al., 1977; Epping and Eggermont, 1985; Recanzone et al., 2000; Cheung et al., 2001; Gaese and Ostwald, 2001 ) of the monkeys may underlie the differences in the mean values of the two response indices. Although it seems likely that behavioral-cognitive state could affect the spatial and nonspatial properties of a neuron, it is not obvious whether this effect would cause the neurons to be more or less selective for the spatial and nonspatial attributes of an auditory stimulus.
With this caveat in mind, a comparison between the response indices from the two brain areas suggests two points. First, relative to these indices, neural sensitivity to auditory-stimulus type and location does not seem to increase between the belt region of the auditory cortex and the vPFC. Second, because the nonspatial selectivity of vPFC neurons is poorer than that seen in the anterolateral belt, whereas the spatial selectivity is better, it is unclear how the anterolateral belt, the vPFC, and other areas in the ventral pathway form a processing stream specialized to process the nonspatial attributes of an auditory stimulus. Furthermore, when we consider the fact that, relative to the small stimulus set and small spatial separation of the stimulus locations, the spatial and nonspatial response properties of vPFC and parietal (dorsal pathway) neurons are comparable (Table 1) , the issue of functional specialization in the dorsal and ventral pathways becomes further complicated. Hart et al., 2004; Rämä et al., 2004) , and neuropsychological (Clarke et al., 2000) evidence to suggest that distinct pathways process different attributes of an auditory stimulus (Warren and Griffiths, 2003) . An anterior pathway is thought to process the nonspatial attributes of auditory stimuli (Zatorre et al., 1992; Griffiths et al., 1998; Scott et al., 2000; Maeder et al., 2001; Vouloumanos et al., 2001; Patterson et al., 2002; Hart et al., 2004) . A posterior pathway that includes regions of inferior parietal lobule is thought to process the spatial attributes of an auditory stimulus (Baumgart et al., 1999; Alain et al., 2001; Maeder et al., 2001; Warren et al., 2002; Hart et al., 2004) . The areas of the auditory cortex and the frontal and parietal areas that constitute these two pathways are thought to be analogous to those areas identified as important for spatial and nonspatial processing in the rhesus monkey (Romanski et al., 1999; Rauschecker and Tian, 2000) .
Comparison with human studies
One interesting theme that has arisen from the human neurophysiological studies is the relationship between task demand and the engagement of frontal and parietal areas in spatial and nonspatial processing. When subjects are engaged in tasks that require them to attend to the spatial or nonspatial attributes of an auditory stimulus, the frontal and parietal areas that are part of the anterior (nonspatial) and posterior (spatial) pathways are differentially activated (Alain et al., 2001; Maeder et al., 2001; Hart et al., 2004; Rämä et al., 2004) . In contrast, when subjects listen passively to a stimulus, these frontal and parietal areas are not engaged (Warren and Griffiths, 2003; Hart et al., 2004) .
These sets of studies may be important when considering our data. Although our monkeys were awake and behaving, they did not have to attend to the spatial or nonspatial attributes of an auditory stimulus to be rewarded. Consequently, it is possible that if the monkeys were engaged in a task in which the attributes of an auditory stimulus were relevant for successful completion of the task, we may have identified more functional specialization between the vPFC and lateral intraparietal area (Gifford and Cohen, 2004b) . Indeed, when monkeys are required to attend to the spatial or nonspatial attributes of a visual stimulus, distinct regions of the prefrontal cortex are modulated by one of these attributes (Wilson et al., 1993) .
However, the fact that our monkeys did not overtly attend to an auditory stimulus cannot wholly explain the difference between our data and the human-functional studies. For instance, visual neurons in the lateral intraparietal area are actually more selective for differences in the shape of a visual stimulus when monkeys are engaged in a task that does not require them to attend to stimulus shape than when they are required attend to stimulus shape (Sereno and Maunsell, 1998) . Also, in humans, moving auditory stimuli preferentially activates regions of the inferior parietal lobule even when participants do not overtly attend to the stimulus, although this activity may relate to covert motor planning (Warren et al., 2002) .
We cannot reconcile the issues raised in this section and the previous section with data from the current study. However, it is clear that more experiments are required in which the spatial and nonspatial sensitivity of neurons in both the dorsal and ventral pathways are recorded while monkeys are engaged in identical tasks that vary in their task demands and use the same sets of stimuli. Also, when exploring the neural correlates of auditory cognition in rhesus monkeys, especially in areas like the prefrontal cortex, it may be necessary to devise experimental paradigms that take advantage of a monkey's natural behavior (Gifford et al., 2003; Glimcher, 2003) .
Functional streams of auditory processing
Although the spatial and nonspatial attributes of auditory stimuli have been hypothesized to be processed in parallel pathways (Ungerleider and Mishkin, 1982; Rauschecker and Tian, 2000) , the utility of this important conceptual model has come under close scrutiny. At one level, there is considerable debate as to whether the conceptual organization of auditory processing into "what" and "where" processing is even appropriate (Cohen and Wessinger, 1999; Middlebrooks, 2002; Recanzone, 2002; Zatorre et al., 2002; Griffiths et al., 2004) . For instance, a recent study suggested that functional auditory streams do not code the what-where attributes of an auditory stimulus but instead code sound identification (what) and changes in frequency over time (how) (Belin and Zatorre, 2000) . Similarly, it has been proposed that auditory processing may constitute more than two functional streams (Kaas and Hackett, 1999) . At a second level, our results and data from other studies (Sereno and Maunsell, 1998; Ferrera et al., 1992 Ferrera et al., , 1994 Toth and Assad, 2002) suggest that even if the parcelization of auditory processing into what and where is appropriate, these processing pathways may not be strictly parallel. Instead, they appear to be interconnected (Ferrera et al., 1992; Troscianko et al., 1996; Goldberg and Gottlieb, 1997; Sereno and Maunsell, 1998; Middlebrooks, 2002; Recanzone, 2002; Toth and Assad, 2002) . This cross-talk between the nonspatial and spatial pathways may be mediated by connections between the two pathways (Webster et al., 1994; Sereno and Maunsell, 1998; Hackett, 1999, 2000) .
What purpose does spatial information serve in the nonspatial pathway? Similarly, what purpose does nonspatial information serve in the spatial pathway? Although the answers to these questions are not known, we hypothesize that the mixture of spatial and nonspatial information may benefit those computations that create consistent perceptual representation that guide goaldirected behavior (Ferrera et al., 1994; Graziano et al., 1997; Rao et al., 1997; Kusunoki et al., 2000; Toth and Assad, 2002) .
